Background: Micro-CT is a high-resolution, non-invasive, and non-destructive imaging technique,
| IN TR ODUC TION
Generally, molars are reported to be the most frequently extracted teeth. 1, 2 First molars are the first teeth to permanently erupt and are therefore prone to decay (e.g., caries) at an earlier age than other tooth types. 3 Loss of first molars has severe consequences on the mastication process and its efficiency, as first molars are the largest and strongest teeth, located near the center of the dental arches. Furthermore, first molars play a major role in maintaining continuity within the arch and keeping the teeth in a proper alignment. 4 Thus, the replacement of lost first molars is of particular importance, and should be performed without much delay.
The placement of dental implants at the time of tooth extraction was introduced in 1989 and is now well established. 5, 6 However, immediate implant placement into a molar socket is still a challenge for the clinician, 7, 8 mainly because of the increased peripheral dimensions but also because of the residual interradicular bone hindering primary stability, and so the critical positioning of the implant. 6, [8] [9] [10] [11] [12] [13] Other possible anatomical shortcomings include inadequate buccal plate thickness and poor bone density. [14] [15] [16] [17] [18] Moreover, as for delayed implant placement, the close proximity of the maxillary sinus, the inferior alveolar nerve, and/or the mandibular lingual canal may be of concern as well. [19] [20] [21] [22] [23] [24] Parameters describing and quantifying the three-dimensional morphology of the tooth and of the socket and microstructure of the surrounding bone could provide vital information for clinicians. 9, 10, 13 Analysis of the microstructure of the maxillary and mandibular periodontal bone as well as dental parameters may be performed on three-dimensional (3D) models computed from Micro-focus X-ray computed-tomography (micro-CT) scans. Furthermore, even if micro-
CT cannot be employed in a daily clinical dental setting, this imaging technique is often used as a gold standard modality for dental research [25] [26] [27] [28] [29] and for osseous microstructure assessment 17, 30, 31 as it renders high-resolution results non-invasively and non-destructively. 25, 32, 33 Different types of variables can be obtained from micro-CT scans: linear measurements between landmarks on 3D models, or on 2D sections, assessing tooth or bone morphology; and histomorphometric parameters evaluating bone density and microarchitecture.
These parameters, such as bone volumetric fraction (BV/TV), bone volume (BV), and total volume (TV) previously defined by Parfitt, 34 provide automatic and objective bone density information. 17, 35 Several studies have used micro-CT to assess bone density and microarchitecture of alveolar bone in human maxillae and mandibles on biopsies from cadaver specimens 17, 31, [36] [37] [38] or from patients. 15, 30, 33 However, in the literature researched, the cadaver-based studies were all performed on less than 30 specimens, 17, 31, 36 or even on a single specimen only. 37, 38 Moreover, both patient and cadaver-based studies analyzed biopsies extracted from edentulous sites only. In a comparative study between CBCT and micro-CT techniques, Van Dessel et al 39 measured histomorphometric parameters at non-edentulous sites.
However, the study focused on single-rooted teeth and was performed on a single cadaver specimen.
Thus, to date, very limited data is available on the microstructure of the cortical and trabecular bone surrounding the first molars, or even density of the interradicular bone. Furthermore, none of these studies have been done on South African individuals, whereas population affinity may influence the parameters. In terms of dental morphology, for example, Pilloud et al 40 showed that external tooth crown measurements varied sufficiently among populations to be used as an additional tool in forensic anthropology for the assessment of ancestry.
The aim of this study is to provide a quantitative analysis of the microstructural anatomy of the first maxillary (MaxFM) and mandibular (MandFM) molar extraction sockets in a South African population. To achieve this objective, critical dento-alveolar parameters characterizing and describing the molar morphology (e.g., tooth width, trunk length, root length, root span) and the corresponding bony socket (e.g., buccal plate thickness, bone density) were assessed on micro-CT scans. We also explored the possible correlation of the various parameters with aging. presence of at least one maxillary and one mandibular first molar; (2) a good state of preservation of the teeth (e.g., no enamel defects and complete roots); (3) no evidence of significant medical or dental history (e.g., sinus pathology, periodontal disease or bone trauma); and (4) absence of metal restorations causing artifacts in imaging acquisitions.
| M A TER I A LS A N D M ETH OD S

| Sample
Overall, dental and periodontal measurements were performed on 61 teeth: 37 maxillary first molars (MaxFM) and 24 mandibular first molars (MandFM).
| Scanning procedure and data collection
The selected specimens were scanned by micro-CT at the South African Nuclear Energy Corporation (Necsa, Pelindaba between I and each root apex
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| Statistical analysis
Data analysis was performed using the software R v. 
| RE SUL TS
Data from 61 maxillary and mandibular molars were analyzed. The results of the variables assessing the molar morphology are reported in Table 2 , the buccal plate thicknesses are detailed in Table 3 , and the bone density parameters are in Table 4 .
| Molar morphology
The results for the tooth width are summarized in Figure 3 for the mandible and the maxilla. In MandFM and MaxFM, w bl was significantly different from w and w md (P < .01): w bl was thinner than w and w md in MandFM, whereas it was thicker in MaxFM. The three types of tooth widths were also significantly different between the maxilla and the mandible (P < .01): w and w md were thicker in MandFM than in MaxFM, while w bl was thinner in MandFM than in MaxFM. As far as root length is concerned, it was found that the distance I c was significantly greater (P < .01) in MandFM than in MaxFM ( Figure 4A ). Significant differences (P < .05) between MandFM and MaxFM were also reported for the distances between I, or CEJ, and each apex landmark, with greater distances in the mandible. The distance I-CEJ, appreciating the trunk length, was significantly smaller (P < .05) in
MandFM than in MaxFM ( Figure 4B ). The root span was estimated via the measurement of the distances between all apices and was found to be significantly different (P < .001) between MandFM and MaxFM. The surface calculated between the apex landmarks confirmed that the spreading of the roots is significantly larger (P < .001) in MaxFM than in MandFM ( Figure 4C ). In MaxFM, the surface averaged 21. 
| Bony socket architecture
The mean maxillary buccal plate thickness ( Figure 5A ) was less than 1 mm in most of the cases: 62.16% at b, 56.76% at b mb , and 66.67%
at b db , whereas in the mandible ( Figure 5B ), only 20.83% of the individuals at b, and none at both apices were less than 1 mm. Furthermore, 83.33% (at distobuccal apex) and 54.17% (at mesiobuccal apex) of the MandFM buccal plates were thicker than 2 mm, while at MaxFM, only 16.67% and 8.11% were thicker, respectively. No significant differences between the sites (b, b mb , and b db ) were reported at MaxFM while the three sites were all significantly different (P < .01) from each other at MandFM. Significant differences (P < .01) were also found between the maxillary and mandibular buccal plate thicknesses, with a constantly thicker MandFM buccal plate at all sites.
Cortical and trabecular bone density were assessed in the maxilla and the mandible by histomorphometric parameters. In MandFM, a wide range of bone densities was observed in the trabecular and cortical bones ( Figure 6A ). In the interradicular VOI, the BV/TV ranged from 19 .29% to 75.30%, whereas in the buccal cortical bone (at I level), the range was from 0% (absence of buccal plate) to 99.78%. Mean cortical bone density at the buccal plates of the apices were 98.58% at L mb and 99.44% at L db . All sites (cortical or trabecular) were statistically significantly different from each other (P < .001) for these parameters.
Regarding MaxFM (Figure 6B ), the BV/TV ranged from 19.06% to 83.25% in the interradicular trabecular bone, whereas in the palatal cortical bone (at I level), the range was from 0% (absence of buccal plate) to 99.65%. Mean cortical bone density of the palatal plate (at L p level) was 92.46%. The bone density differed significantly between trabecular and cortical sites (P < .001), but no differences were detected between the two maxillary cortical sites. The comparison between MandFM and MaxFM interradicular trabecular densities did not show a significant difference.
| Correlation with aging
Correlations between each variable (tooth width, root length, trunk length, root span, buccal plate thickness, and bone density) and aging were assessed. Only bone density showed significant correlations with age. A significant decrease (P < .05) was found in
MandFM between age and cortical bone density of the buccal plate at I level ( Figure 7A ). In MaxFM, significant decreases (P < .001) with aging were also found in the two cortical sites ( Figure 7B , C), but not in the trabecular site. Frequencies separated in three groups according to the thickness: <1 mm, between 1 and 2 mm, and >2 mm.
| Comparison with buccal plate
Relationships between the buccal plate thickness and the other measurements (tooth width, root length, trunk length, root span, and bone density) were also investigated, but no significant correlations were detected.
| D ISCUSSION
To the best of our knowledge, this is the first micro-CT-based study exploring the anatomy of human first molar sockets at this level of detail, and more particularly, for dental implant related purposes. As a gold standard modality for bone microstructure assessment, micro-CT offers quantitative, and objective parameters. Our research provides anatomical measurements at dental implant sites, including minimum, maximum, and mean distances, characterizing the first molars (e.g., tooth width, trunk length, root length, and root span) and their intact extraction sockets (e.g., buccal plate thickness and bone density).
The external shape and outline of the tooth are the main features in defining the three-dimensional bony structure of the socket. Variables assessing the tooth width, the trunk length, the root length, and the root span are relevant in estimating parameters of the implant design, as well as the height, depth, and width of bone available for safe implant placement. 13 However, to date, few studies have performed similar measurements (Table 5) . Circles depict outliers. ** P < .01, * P < .05
width, root, and trunk lengths, serving as a basis for many statements in dentistry, but our findings were found to be smaller than those of previous studies. These differences could possibly be explained by the differences in the techniques used. For instance, Kerns et al 49 performed their measurements on extracted teeth with calipers while our study used dimensions performed on embedded teeth micro-CTscanned in their bony sockets. Nevertheless, we could confirm some general trends, for example, the trunk length is shorter in mandibular first molars than in maxillary molars caused by a closer distance between the root furcation and the CEJ. Matsuda et al 24 measured the distances between the apices on CBCT scans to assess the spreading of the roots or the degree of divergence of the roots-equivalent to the root span in our study. They stated that for the stability of the implant, more than 5 mm is necessary. For this reason, all of our sites could be considered adequate as the minimum distances between the mandibular or maxillary apices were systematically greater than 5 mm.
The buccal plate thickness is known to be one of the most important measurements when it comes to dental implant survival and success. 14, 16, 21, 24, 50 If the buccal plate is absent, an immediate implant placement is precarious due to a higher risk for poor stability and a reduced potential for bone fill on the buccal side of the implant as well as implant thread exposure in the long-term. Previous findings 5, 24, 50 stated that sites with thick bony walls (>1mm) usually had better bone fill after immediate implantation compared with sites with a thin plate.
In the mandible, only 20.83% of the sites showed a buccal plate thickness of less than 1 mm. However, in the maxilla, we found that at 1 mm from crest, 62.16% of the sites had a buccal plate thinner than 1 mm, and only 2.7% of the plates were thicker than 2 mm. Huynh-Ba et al 14 also found thin buccal walls (<1 mm) in the majority of their maxillary extraction sites. In contrast to our findings and using CBCT, Matsuda et al 24 showed that 92% of maxillary first molars sites had a buccal plate thickness greater than 1 mm, and that 20% of the sites were thicker than 2 mm. Temple et al 16 measured buccal thicknesses on CBCT scans of maxillary and mandibular first molars, and their results were found to be slightly smaller than reported in our study.
However, some trends are similar, for example, the mandibular buccal plate adjacent to the mesial root apex is thinner than in the distal root.
Thus, the mandibular sites, with a greater thickness compared with the maxillary sites, may allow more predictable outcomes for immediate implant placement. The limited and non-significant effect of aging on Temple et al. 16 The main difference between the maxilla and the mandible in our study was partly a reflection of fenestrations or dehiscences at the mesiobuccal and distobuccal apices of a few maxillary molars with no buccal plate at all, while fenestrations were absent in the man- This variation could be an indication of the specific mechanical competence of the interradicular bone in tooth retention. In our sample, we also noticed that the mandibular and the maxillary trabecular bones had similar densities, while the cortical bone densities were higher in the mandible than in the maxilla. Similar results have been observed previously. 30, 51 The cortical as well as the trabecular bone density influence the primary stability of an implant, the anchorage and therefore the success of the implantation. 18 ,38, 52 Aranyarachkul et al 52 stated that the clinical success of implants is influenced by the bone quality and density of the implantation site. Furthermore, as bone density varies from site to site, and from patient to patient, several previous studies 15, 30, 39, 52, 53 recommend performing a bone density evaluation using CBCT prior to implant placement. The age of the patient is also of major importance as we found that the cortical bone densities of the buccal and palatal/lingual plates were decreasing with advancing age.
In the present study, we obtained three-dimensional dental and periodontal measurements describing and quantifying the morphology work. SV was supported with a grant from Southern Implants to conduct research, outside the submitted work. 
